Adenoviruses are ubiquitous agents that are associated with diverse clinical syndromes, ranging from respiratory infections, conjunctivitis, gastroenteritis, hepatitis, and hemorrhagic cystitis to neurological disorders. While adenovirus infections in the immunocompetent host are mostly mild and self-limiting, they result in high morbidity and mortality in immunocompromised patients. For instance, in pediatric patients undergoing allogeneic stem cell transplantation, mortality rates as high as 60% have been reported for disseminated adenovirus infection (56) . During the last two decades, severe adenovirus infections have increased in frequency due to the growing number of transplantation patients and the emergence of the human immunodeficiency virus epidemic (27) . At present, there is no formally approved antiviral therapy for adenovirus infections. Among currently available antiviral agents, only a few have shown promise in treating adenovirus disease. Treatment with the nucleoside analogue ribavirin has yielded conflicting results and seems to be ineffective in patients who are at high risk for disseminated adenovirus disease (5, 15, 30) . The nucleotide analogue cidofovir, with potent in vitro activity against herpesviruses, polyomaviruses, and different serotypes of adenoviruses, has been shown to be a therapeutic option for life-threatening adenovirus diseases (5, 19, 21, 31) . The dose-limiting toxicity of cidofovir is nephrotoxicity, but this can be diminished by coadministration of probenecid, an infrequent treatment schedule, and sufficient hydration (29) . There is an increasing need for new antiadenovirus drugs with improved activity and safety profiles to direct therapy for life-threatening or debilitating adenovirus infections.
Since adenoviruses are species specific, an understanding of the mechanism by which adenoviruses cause disease depends on the development of a relevant animal model. Currently, no satisfactory model exists for the evaluation of antiviral therapy against disseminated adenovirus disease. In mice and cotton rats, intranasal infection with human adenovirus type 5 produces inflammatory pneumonia, although virus replication is restricted to the synthesis of early adenovirus proteins (16, 45) . On the other hand, human adenovirus type 5 is able to replicate in the eyes of cotton rats and New Zealand rabbits, causing localized but no disseminated disease (17, 25, 55) . Models with mouse adenovirus type 1 (MAV-1) permit the study of a replicating adenovirus in vivo. Inoculation of mice with MAV-1 results in a systemic infection of cells of the mononuclear phagocyte system and microvascular endothelial cells (10, 24) . MAV-1 can cause fatal disease in newborn and adult mice, but the outcome of the infection depends on the virus dose, immune status, and mouse strain. Adult mice with a C57BL/6 background succumb to hemorrhagic encephalitis following infection with MAV-1 (10, 18, 28, 52) , whereas mice with a BALB/c background are resistant (10, 18) . Immunodeficient BALB/c mice are highly susceptible to MAV-1 infection and die from a nonneurological disease with prominent involve-ment of the liver and intestinal tract (10, 38, 43) . A few studies have been published describing MAV-1 infection of severe combined immunodeficient (SCID) mice with a BALB/c background. Charles and colleagues reported a generalized and fatal nonneurologic infection of MAV-1 in BALB/c SCID mice with focal hemorrhagic enteritis (10) . In the CB-17 SCID model of Pirofski et al., MAV-1 induces microvesicular fatty hepatocyte degeneration similar to that observed in human Reye syndrome (43) .
Based on these findings, we established MAV-1 infection of BALB/c SCID mice in which the virus causes a fatal disseminated disease characterized by hemorrhagic enteritis. Following a profound study of the pathological, inflammatory, and viral aspects of the infection, we used this unique experimental model for the evaluation of antiviral agents for the treatment of systemic adenovirus infections representative of life-threatening and debilitating adenovirus dissemination in immunocompromised patients.
MATERIALS AND METHODS

Cells and viruses.
The C3H/3T3 mouse embryonic fibroblast cell line, originally established by Billiau et al. (4) , was subcultivated in Dulbecco's minimal essential medium supplemented with 0.075% bicarbonate, 1 mM sodium pyruvate, and 10% heat-inactivated newborn calf serum, which was reduced to a concentration of 2% for the antiviral studies.
Mouse adenovirus type 1 strain FL (MAV-1) was obtained from the American Type Culture Collection. Virus stocks were prepared in C3H/3T3 cells. When ϳ90% cytopathic effect was reached (at day 10 to 12 postinfection [p.i.]), culture flasks were frozen at Ϫ80°C. After cell lysis by rapid thawing and centrifugation at 1,800 ϫ g, the clarified culture supernatant was divided into aliquots and stored at Ϫ80°C to be used in the antiviral in vitro experiments. The titer of the virus stock was determined using a standard plaque assay (54) and yielded a titer of ϳ10 6 PFU per ml. For in vivo experiments, MAV-1 particles were purified from the clarified culture supernatant by chromatographic purification using the Virapur kit (Virapur LLC, San Diego, CA) according to the manufacturer's instructions. The titer of this virus stock was ϳ10 4 PFU per ml, corresponding to ϳ10 10 viral particles per ml, as determined by real-time PCR analysis. C3H/3T3 cells and virus stocks were free of Mycoplasma contamination by PCR analysis.
Chemical compounds. The structures and origins of the test compounds were as follows: cidofovir [(S)-1-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine {(S)-HPMPC; Vistide}] was from Gilead Sciences, Foster City, CA; (S)-HPMPA [(S)-9-(3-hydroxy-2-phosphonylmethoxypropyl)adenine] and HPMPO-DAPy {2,4-diamino-6-[3-hydroxy-2-(phosphonomethoxy)propoxy]pyrimidine} were from A. Holý, Prague, Czech Republic; acyclovir (Zovirax), ganciclovir (Cymevene), zalcitabine (ddC; Hivid), and ribavirin (Virazole) were from commercial sources; S-2242 [2-amino-7-(1,3-dihydroxy-2-propoxymethyl)purine] was from I. Winkler, Hoechst Inc., Frankfurt am Main, Germany; alovudine (3Ј-fluoro-3Ј-deoxythymidine; FddT) was from P. Herdewijn, Leuven, Belgium; and A-5021 {(1ЈS,2ЈR)-9-[[1Ј,2Ј-bis(hydroxymethyl)-cycloprop-1Ј-yl]methyl]guanine} was from Ajinomoto, Inc., Kawasaki, Japan. Antiviral in vitro experiments. C3H/3T3 cells were seeded in 96-well plates at 17,000 cells per well and incubated for 4 days until confluence was reached. To each well, 50 l of MAV-1 was added, diluted in medium to obtain a multiplicity of infection of ϳ0.01 PFU per cell. After 2 h at 37°C, virus was aspirated and replaced by serial dilutions of the test compounds (200 l per well). Mocktreated cultures receiving only the test compounds were included in each plate. After 8 to 10 days of incubation at 37°C, microscopy was performed to score the virus-induced cytopathic effect (CPE). The plates were then subjected to the MTS-based colorimetric assay for cell viability according to the manufacturer's instructions (Promega, Leiden, The Netherlands). The A 490 values, corrected for cytotoxicity exerted by the test compounds (as determined in mock-infected cultures), were used to calculate the percent cell viability. The 50% effective concentration (EC 50 ) was determined by extrapolation and defined as the compound concentration that produced 50% protection against the virus.
In a separate set of plates, C3H/3T3 cells were infected and treated with the compounds as described above and used to measure virus replication at 8 to 10 days after MAV-1 infection. After removal of the culture supernatant, cells and virus particles were lysed by the addition of 70 l of lysis buffer (10 mM Tris · HCl, pH 7.8, 0.5% sodium dodecyl sulfate, 5 mM Na 2 EDTA, and 80 g/ml proteinase K) and incubated for 1 h at 50°C, followed by 20 min at 65°C for proteinase K inactivation. After clarification (23,000 ϫ g, 10 min), cell extracts were stored at Ϫ20°C until real-time PCR was performed as described below. The EC 50 was calculated by extrapolation as the compound concentration at which the number of viral particles at 8 to 10 days p.i. was 50% compared to the value obtained for the virus control.
The cytostatic activity of the test compounds was determined in proliferating C3H/3T3 cells seeded at 15,000 cells per well in 96-well trays and treated with serial compound dilutions for 3 days, after which the cells were counted in a Coulter Counter. The CC 50 was defined as the compound concentration that produced 50% inhibition of cell proliferation.
Antiviral in vivo studies. Five-to seven-week-old C.B-17/Icr scid/scid (FOX CHASE SCID) mice weighing 16 to 20 g were used in all experiments. The animals were bred at the Rega Institute under specific-pathogen-free conditions. Males and females were equally distributed over the different treatment conditions (10 mice per treatment condition). Mice were given light ether anesthesia and intranasally infected with 300 PFU in a volume of 20 l of phosphatebuffered saline (PBS). Antiviral therapy with cidofovir or S-2242 was started 4 h prior to infection. The compounds were administered subcutaneously at 100 mg per kg of body weight. Treatment with cidofovir was continued for 5 consecutive days p.i. and then on alternate days; S-2242 treatment was given by daily injection. Placebo mice were treated subcutaneously with PBS on alternate days. Drug administration was continued until the death of the animals. To assess drug-associated toxicity, uninfected animals were administered cidofovir or S-2242 according to the same scheme as described for the virus-infected animals. To monitor toxicity, the body weight of all mice was recorded daily. All animal studies were conducted according to the guidelines of the Ethical Committee of our university. For statistical analyses, P values were calculated with a two-tailed Student's t test.
Histopathology and immunohistochemistry. At predetermined time points, mice were killed and subjected to extensive transcardial perfusion with PBS. From the following organs, a part was fixated in 4% formaldehyde for 24 h and then embedded in paraffin: spleen, kidney, liver, small intestine, lung, heart, and brain. Tissue sections, 4 m thick, were stained with hematoxylin and eosin for routine histologic examination and immunohistochemically stained with a rabbit polyclonal antibody to the MAV-1 E3 class 1 protein using a standard avidinbiotin immunoperoxidase staining procedure. The anti-E3 polyclonal antibody was prepared by immunizing rabbits with an antigenic peptide containing an amino acid sequence specific for the MAV-1 early protein E3 class 1, coupled to the immunogenic carrier protein KLH (KLH-KNA VRT GAG PDD ECF, synthesized by Eurogentec, Seraing, Belgium). On day 0, preimmunization serum was taken and the first immunization was done with 620 g of the peptideprotein conjugate diluted in 1 ml complete Freund's adjuvant. Two boosters were given with 620 g peptide-protein conjugate in 1 ml incomplete Freund's adjuvant on day 16 and day 37, respectively. Nineteen days later, rabbits were bled, and after affinity purification of the immunoglobulin G fraction in the serum (MAbTrap kit; Amersham Biosciences, Germany), optimal conditions for immunohistochemical staining were determined on liver and spleen tissue sections from MAV-1-infected mice.
Quantification of viral DNA. For the in vitro antiviral experiments, cell extracts, prepared as described above, were diluted 100-fold in water, after which 2 l was added to optical plates containing 23 l of qPCR MasterMix for SYBR green I (Eurogentec) and the forward and reverse primers at 300 M. Primers, derived from GenBank sequences, were chosen to amplify a 167-bp fragment within the MAV-1 hexon DNA sequence (forward, 5Ј-GGCCAACACTACCG ACACTT-3Ј; reverse, 5Ј-TTTTGTCCTGTGGCATTTGA-3Ј). Real-time PCR analysis was performed in an ABI Prism 7000 apparatus (Applied Biosystems) and consisted of 10 min of initial denaturation at 95°C, followed by 40 thermal cycles of 15 s at 95°C and 90 s at 60°C. A dissociation profile was taken at the end of each analysis to confirm the specificity of the PCR amplification. In each individual experiment, a standard curve (R 2 Ͼ 0.98, within the range of 10 3 to 10 8 copies per reaction mixture) was obtained by amplification of known amounts of a pGEM-T vector in which a 743-bp fragment of MAV-1 hexon DNA was inserted using common cloning procedures. These standard curves were used to convert the cycle threshold values for the extracts into the absolute number of MAV-1 hexon DNA copies. For the in vivo studies, quantification of viral DNA was performed as follows. Blood was collected from ether-anesthetized mice by heart puncture and treated with 20 l 0.5 M Na 2 EDTA. A 100-l aliquot was used for DNA extraction using the QIAamp DNA blood mini kit (QIAGEN, Hilden, Germany). After perfusion with PBS and dissection, parts of the organs were homogenized and DNA was extracted following the instructions of the tissue protocol of the QIAamp DNA mini kit (QIAGEN). DNA extracts were diluted with water to a final concentration of 0.3 g per l prior to real-time PCR analysis. To ensure that the DNA extracts of infected organs did not possess PCR-inhibiting compounds, a twofold dilution series was subjected to real-time PCR analysis. Since there was no evidence for PCR inhibition, 2 l of the DNA (Յ0.3 g per l) was added to optical plates containing 23 l of a mixture of qPCR MasterMix (Eurogentec), forward and reverse primers (900 nM final concentration), and Taqman probe (6-FAM-5Ј-CATTCCAGCCAACTTATGGCTCGGC-3Ј-BHQ-1, 200 nM final concentration). The forward and reverse primers were the same as described for real-time PCR analysis of cell extracts. To take into account experimental variations, the primer-probe set of the 18S genomic endogenous control kit (18S primer mix, 75 nM final concentration; 18S Yakima Yellow Dark-quenched probe, 100 nM final concentration; Eurogentec) was included in the same PCR mixture as the target primer-probe set. The thermal profile of the real-time PCR analysis was identical to that carried out in the in vitro experiments. In each individual experiment, two standard curves were included. The first was obtained by amplification of known amounts of the pGEM-T MAV-1 hexon vector construct, as described above. For the second, a series of known amounts of human male chromosomal DNA (18S genomic control kit; Eurogentec) was used to obtain a standard curve (R 2 Ͼ 0.98, within the range of 0.94 to 60 ng human male chromosomal DNA per reaction mixture) of the amplified 18S rRNA gene. These standard curves were used to convert the respective cycle threshold values for the extracts into the number of MAV-1 DNA copies per ng chromosomal DNA. The lower limit of detection was 14 MAV-1 DNA copies per ng chromosomal DNA.
Urine was collected from MAV-1-infected mice on alternating days and pooled from mice receiving the same treatment, and DNA was extracted using the QIAamp viral RNA mini kit (QIAGEN). Quantification of viral DNA was performed with real-time PCR as described for blood and tissue DNA extracts. A standard curve of known amounts of MAV-1 hexon DNA copies was prepared in a DNA extract prepared from the urine of uninfected mice. For each urine sample, the creatinine level was determined, and the amount of viral DNA in the urine samples was expressed as the logarithm of the number of MAV-1 DNA copies per microgram of creatinine.
Determination of cytokine mRNA levels in blood and dissected organs. Approximately 500 l of total blood (collected from anesthetized mice by heart puncture and treated with 20 l 0.5 M Na 2 EDTA) was used for RNA extraction of leukocytes using the QIAamp RNA blood mini kit (QIAGEN). After dissection, parts of the organs were homogenized and RNA was extracted by following the instructions of the RNeasy mini kit (QIAGEN). Twenty-five microliters of the RNA extract was treated with 75 U RNase-free DNase (Roche, Basel, Switzerland) at 37°C for 45 min, followed by 10 min of incubation at 70°C to inactivate residual DNase activity. The absence of contaminating DNA was certified by a standard PCR detecting glyceraldehyde-3-phosphate dehydrogenase (GAPDH) DNA using 0.5 U SuperTaq DNA polymerase (HT Biotechnologies, Cambridge, United Kingdom), 500 M deoxynucleoside triphosphates, and 0.5 M concentrations of the following primers: 5Ј-TCAACACCCCAGCC ATGTA-3Ј and 5Ј-CAGGTCCAGACGCAGGAT-3Ј. PCR was performed as follows: 2 min of initial denaturation at 95°C; 40 thermal cycles of 30 s at 95°C, 45 s of annealing at 58°C, and 1 min of elongation at 72°C; and an additional final extension at 72°C for 5 min. Synthesis from 5 l DNase-treated RNA was carried out using 0.5 g of oligo(dT) 15 
RESULTS
In vitro evaluation of antiviral compounds against MAV-1 in C3H/3T3 cells. For several classes of nucleoside and nucleotide analogues, the in vitro activity against MAV-1 was determined and compared with their respective activities against human adenovirus type 2 (Ad2). When 90 to 100% CPE was reached, the anti-MAV-1 activity was measured by two different methods, namely evaluation of the adenoviral cytopathic effect and cell viability determination by the formazan-based MTS assay. A close correlation was observed between the EC 50 s obtained by the CPE and MTS assay ( Table 1) . The EC 50 s obtained for the acyclic nucleoside phosphonates cidofovir and (S)-HPMPA were comparable to the values reported for Ad2 (39) . The new derivative HPMPO-DAPy was found to be 2.5-fold more active than cidofovir against MAV-1 yet 2-fold less active than cidofovir against Ad2. This suggests that the activation of HPMPO-DAPy may be species dependent, although this should be further confirmed in biochemical studies. Among the acyclic nucleoside analogues evaluated, ganciclovir was found to be moderately active against MAV-1, in agreement with its modest activity against Ad2. The N-7-substituted acyclic nucleoside analogue S-2242, previously reported to be active against all human herpesviruses and pox- Although the 2Ј,3Ј-dideoxynucleoside analogue ddC displays potent and selective activity against human adenoviruses, it was much less active against MAV-1. This is likely due to the poor conversion of ddC to its 5Ј-triphosphate in murine cells (2) . For the acyclic nucleoside phosphonate cidofovir and the acyclic nucleoside analogue S-2242, an additional evaluation of the anti-MAV-1 activity was performed by real-time PCR quantification of viral DNA as a direct parameter for virus replication. Extraction of total DNA from infected cells was performed as described by Naesens et al. (39) . Real-time PCR analysis confirmed the data obtained by the CPE and MTS assay (data not shown). Overall, the correlation in the activities of these nucleoside and nucleotide analogues between human adenoviruses and MAV-1 is not quite unexpected, since the DNA polymerases of human adenoviruses and MAV-1 share about 57% amino acid similarity (35) . Establishment of the MAV-1/SCID model. C.B-17 SCID mice which carry the scid mutation and have a BALB/c genotype (except for the single locus of the C57BL/6Ka mice) were inoculated intranasally with MAV-1. A small titration study with 20, 100, and 500 PFU showed that, even at 20 PFU, MAV-1 caused 100% mortality, with the mean day of death being dose dependent and highly reproducible (data not shown). All subsequent studies were performed with a virus inoculum of 300 PFU. The first signs of disease became visible about 17 days p.i. and resulted in the abrupt onset of lethargy, ruffled fur, poor feeding, hunched posture, unsteady, mechanical gait, and hyperpnea. Death followed the onset of clinical illness within 24 h (Fig. 1) . At day 7 and day 14 p.i. and at the time of severe sickness, 2 mice from each group were sacrificed. Gross pathological examination revealed no evidence of disease until the onset of clinical illness and showed that all moribund mice were succumbing to focal hemorrhagic enteritis, although the extent of inflammation showed some variation.
Histopathological and immunohistochemical analysis following MAV-1 infection. Upon histopathological evaluation of dissected organs, the sharp onset of MAV-1 pathology was confirmed. During the first 14 days p.i., there was neither pathology nor inflammation in any of the examined organs. At the time of severe illness of the infected mice, part of the small intestine showed acute necrotizing enteritis, characterized by mucosal and at times transmural necrosis of the intestinal wall, associated with a purulent neutrophilic infiltrate. In some cases, a few inflammatory foci of neutrophils or so-called microabscesses were encountered in liver, but all other organs examined appeared normal (Fig. 2) . Since all in vivo studies were performed with purified MAV-1 particles, pathology induced by impurities in crude virus stocks (such as proinflammatory cytokines) could be excluded, and hence, the observed pathology solely resulted from viral replication (53) . Using immunohistochemical staining with a polyclonal antibody directed toward MAV-1 E3, virus was not visible at 7 and 14 days p.i. but was clearly present at the time the infected mice were moribund. Viral antigen was most abundant in the intestine, liver, adrenal, and spleen tissues (Fig. 2) . All examined organs stained positive for MAV-1 E3, except the kidneys, which showed weak or no positivity. In all organs, immunoreactivity was restricted to the endothelial cells, although in the liver, the presence of viral antigen was also demonstrated in parenchyma cells.
To allow for a more detailed immunohistochemical monitoring of MAV-1 replication in infected organs, we also prepared a rabbit polyclonal antibody directed toward the MAV-1 hexon protein, a structural protein that is synthesized late in the replication cycle. Although the antihexon antibody gave satisfying results in Western blot analysis on MAV-1-infected fibroblast cells, it reacted aspecifically in Western blotting and immunohistochemical staining of MAV-1-infected tissues, making it unsuitable for our in vivo studies.
Quantification of viral loads in mice. To determine viral loads in the infected organs, real-time PCR analysis was performed on blood samples and perfused and homogenized parts of liver, lung, brain, heart, kidney, spleen, and intestine tissues. We measured viral DNA as a surrogate marker, since the real-time PCR method represents a reproducible, sensitive, and fast approach for estimation of viral load in a significant number of samples. As shown in Fig. 3a , at 7 days p.i., viral DNA was detected in liver, heart, kidney, spleen, and intestine tissues, with the highest concentration in the lungs of infected mice. At later time points, the viral DNA content of all tested organs gradually increased to reach a maximum in the succumbing placebo mice at day 20 p.i. As a noninvasive method to monitor viral replication, a real-time PCR assay was set up for the quantification of viral DNA in daily urine samples (Fig.  4) . No viral DNA was detected in the urine of infected mice until day 15 p.i. Then the viral DNA concentration in urine showed a rapid increase, corresponding to the onset of clinical symptoms and coinciding with the virus titer increase in the organs, and further increased until the death of the infected mice. It was noteworthy that, despite the high levels of viral DNA in the urine and kidney extracts of MAV-1-infected mice, immunohistochemical staining of viral antigen in the kidneys of these mice was weak. A possible explanation may be that immunostaining is a less sensitive technique than real-time PCR, and hence, viral antigen may not be revealed by immunostaining if expressed at low levels.
Immunological aspects of MAV-1 pathology. Histopathological analysis of infected organs demonstrated the presence of inflammatory cells within the small intestine and liver of infected mice, suggesting that the host immune response may contribute to the MAV-1 pathology. To determine the type and extent of inflammatory response to MAV-1 infection, we measured the mRNA levels for several proinflammatory cytokines and chemokines in the small intestine and liver at various time points p.i. using multiplex reverse transcription (RT)-PCR. These studies demonstrated that the expression levels of TNF-␣, IL-1␤, MIG, eotaxin, MIP-1␣, and MIP-1␤ gradually increased during infection, reaching a maximum at the time that infected mice were succumbing (Fig. 5) . At this time, IL-1␤ and ENA-78 mRNAs were clearly present in the small intestines of infected mice, while being undetectable in the intestines of noninfected mice. The mRNA levels of TNF-␣, MIG, eotaxin, MIP-1␣, and MIP-1␤ were increased about threefold compared to the levels seen in noninfected mice. In the livers of infected mice, the mRNA increase for TNF-␣ and MIG was comparable to what was seen in the small intestine, whereas the upregulation of IL-1␤, eotaxin, MIP-1␣, and MIP-1␤ in the liver was less pronounced. The mRNA levels of IL-6 showed no difference between infected and noninfected mice, while the mRNAs of mouse KC, MIP-2, and IFN-␥ were undetectable in both infected and noninfected mice (data not shown). The induced proinflammatory cytokines and chemokines in MAV-1-infected mice, such as TNF-␣, IL-1␤, MIG, eotaxin, ENA-78, MIP-1␣, and MIP-1␤, can all be produced by monocyte/macrophage cells of the innate immune system (7, 44, 48 ). An augmented expression of ENA-78 in the small intestine of moribund mice may also result from damaged intestinal epithelial cells (26) . In addition, all of these proinflammatory molecules (with the exception of MIP-1␣ and MIP-1␤) can be produced by endothelial cells (23, 33, 36) . Since MAV-1 replicates predominantly in endothelial cells, production of proinflammatory cytokines and chemokines by the infected endothelium appears to be a primary rather than a secondary phenomenon. The sharp disease onset in MAV-1-infected mice along with the elevated levels of proinflammatory cytokines and chemokines is reminiscent of septic shock syndrome (11) . With the aim of achieving a more-detailed insight into the organ tropism of MAV-1, SCID mice were infected with MAV-1 by intravenous infection and the subsequent pathology, inflammation, and virus distribution pattern were com- pared to the observations of SCID mice infected by intranasal inoculation. Mice infected by the intravenous route succumbed significantly earlier than mice that received intranasal virus inoculation (mean day of death, 13.5 Ϯ 0.7 and 23.5 Ϯ 1.9 days p.i., respectively; P ϭ 0.0004). However, histopathological and immunohistochemical analysis did not reveal any difference between both inoculation routes with regard to pathology, inflammation, or viral presence in affected organs. Using multiplex RT-PCR on extracts from total blood, we observed that, compared to uninfected mice, mRNA levels were slightly upregulated for the proinflammatory cytokines IL-1␤ and TNF-␣ and the chemokines MIP-1␣ and MIP-1␤. However, the increase was approximately equal in all infected mice, irrespective of the method of virus inoculation. No transcripts could be detected for IFN-␥, MIG, ENA-78, eotaxin, KC, or MIP-2 in any of the blood samples.
In vivo evaluation of antiviral compounds. Based on the marked in vitro activity of the nucleotide analogue cidofovir against MAV-1 and Ad2, we performed two independent experiments to determine the efficacy of cidofovir in SCID mice inoculated with MAV-1 by the intranasal route. In the second experiment, we also included the nucleoside analogue S-2242, which showed in vitro activity against MAV-1 and Ad2 similar to that of cidofovir. When administered subcutaneously at 100 mg per kg for 5 consecutive days and then on alternate days, in the case of cidofovir, or by daily injection, in the case of S-2242, both antiviral drugs had a remarkably similar effect on the course of the MAV-1 infection (Fig. 1) . All placebo mice, which received vehicle only, died within 22 days p.i. In contrast, cidofovir and S-2242 caused a significant and equal delay in mortality (mean day of death, 19.5 Ϯ 1.9, 24.5 Ϯ 1.9, and 24 Ϯ 1.6 days p.i., for mice receiving placebo, cidofovir, and S-2242, respectively; P Յ 0.002 for the drug-treated groups versus placebo). Most strikingly, even while under antiviral therapy, all mice finally succumbed. At predetermined time points, mice from each treatment group were sacrificed for pathological and virologic examination. At 19 days p.i., hematoxylin and eosin staining on small intestinal tissue of placebo mice showed extensive necrosis and infiltration of neutrophils, explaining the moribund status of these mice. In contrast, no signs of pathology or inflammation were observed in the intestines of mice receiving cidofovir or S-2242 (Fig. 6 ). However, a few days later, when cidofovir-and S-2242-treated mice were moribund, histopathological examination revealed that the pathology and inflammation in their intestinal tissue were identical to those from the placebo mice. As described above, the inflammation in the livers of MAV-1-infected mice was found to be relatively mild. In contrast to the strong immunohistochemical staining observed on all tissues from placebo mice at 19 days p.i., staining on tissues of cidofovir-or S-2242-treated mice was negative at the same time point, except for a weak signal in the liver and spleen. Nevertheless, mice dying at ϳ24 days p.i., while under treatment with cidofovir or S-2242, showed the same immunohistochemical picture as moribund placebo mice (Fig. 6 ).
This retardation of pathological signs upon treatment with cidofovir or S-2242 was also reflected in the viral DNA content of the organs, as determined by real-time PCR (Fig. 3b and c) . At the first time point (7 days p.i.), viral DNA was detected in the lungs of all infected mice (possibly reflecting residual virus after intranasal inoculation); in the other organs, viral DNA levels were low for placebo mice and undetectable for mice receiving cidofovir or S-2242. Both antiviral compounds caused a marked suppression of MAV-1 replication, albeit temporarily, since, even under antiviral therapy, the levels of viral DNA finally increased. Surprisingly, at the time cidofovirtreated mice were dying, their levels of viral DNA were, depending on the organ examined, 3-to 99-fold lower than those seen in moribund placebo mice, while this trend was less pronounced in S-2242-treated mice. Real-time PCR analysis of daily urine samples from cidofovir-or S-2242-treated mice showed that the course of viral DNA replication was delayed in time in comparison to that seen in urine samples from placebo mice (Fig. 4) . At 15 days p.i., viral DNA levels were strongly increased in urine samples from placebo mice, while virtually no viral DNA was detected in urine from cidofovir-or S-2242-treated mice. In cidofovir-and S-2242-treated mice, viral DNA remained almost undetectable until the onset of clinical symptoms, and then the viral DNA concentration in urine abruptly increased, rising further until the death of the mice.
To assess drug-associated toxicity, uninfected animals were administered cidofovir or S-2242 by following the same scheme as described for the virus-infected animals, and the body weight of all mice was monitored daily. While body weight gain was normal in S-2242-treated mice (13% increase over a 24-day period), it was apparent that the dose of 100 mg cidofovir per kg represented the maximum tolerated dose. The body weight showed no increase in female cidofovir-treated noninfected mice, while male mice receiving cidofovir lost 25% of their body weight over 24 days. Upon histopathological analysis, neither pathology nor inflammation was observed in any of the examined organs of uninfected mice treated with cidofovir or S-2242. To address the possibility that drug-resistant mutants may arise during cidofovir or S-2242 treatment, virus was isolated from the MAV-1-infected mice and tested in vitro for sensitivity to cidofovir and S-2242. At the time of severe illness, a part of the liver from mice receiving placebo, cidofovir, or S-2242 was collected, homogenized, and titrated using a standard plaque assay (54) . The antiviral sensitivity of the virus present in those liver homogenates was determined in a CPE reduction assay and by real-time PCR quantification of viral DNA. For cidofovir as well as S-2242, EC 50 s were similar for liver isolates from mice receiving either placebo, cidofovir, or S-2242, thus excluding the issue that MAV-1 may have acquired resistance to cidofovir or S-2242 in our in vivo studies.
DISCUSSION
In the present study, we have attempted to broaden our insight into the pathogenesis of the fatal disseminated disease induced by MAV-1 in SCID mice, which is characterized by hemorrhagic enteritis. Insight into the pathological, inflammatory, and viral aspects of this mouse model has assisted us in the evaluation of antiviral therapy for disseminated adenovirus infections.
As mentioned earlier, MAV-1 has a different disease outcome depending on the mouse strain. Whereas MAV-1 causes a fatal hemorrhagic encephalomyelitis in adult C57BL/6 mice, adult mice with a BALB/c background are resistant (18, 28) . Yet, MAV-1 infection is lethal in adult immunocompromised BALB/c mice (38, 43) . As a model for the life-threatening systemic adenovirus infections in immunocompromised patients, we infected BALB/c SCID mice intranasally with MAV-1. During a period of 17 to 19 days, the mice showed no signs of clinical illness, and afterwards, death came very rapidly. This rapid disease progress seemed to be highly reproducible. We optimized several techniques to monitor the pathology and viral aspects of MAV-1 infection. Histopathological analysis revealed that hemorrhagic enteritis was the main cause of death in our model, as described earlier for MAV-1-infected outbred and BALB/c SCID mice (10, 28) . Pirofski and colleagues reported that MAV-1 infection of SCID mice resulted in microvesicular fatty hepatocyte degeneration without significant inflammation or necrosis of the liver (43) . In contrast, we did not observe this kind of liver pathology, yet liver infiltration of inflammatory cells with the formation of microabscesses was noted occasionally. However, the use of a nonpurified virus inoculum in the study of Pirofski et al. is a major difference with ours and provides an explanation for the discrepancy in the observed liver pathology. Our data are concordant with a study of Moore et al., who concluded that T cells play a key role in the induction of acute MAV-1 infection (38) . This explains the absence of MAV-1-induced hepatitis in SCID mice (which lack both B and T cells) and the presence of hepatic necrosis in MAV-1-infected B-cell-deficient mice. In our studies, some mild inflammation in the liver of infected SCID mice was sporadically detected. Most likely, this inflammation does not result from a primary hepatitis but rather from migration of the inflammation from the intestinal tissue to the liver via the portal system. Using immunohistochemistry with a polyclonal antiserum directed toward an early MAV-1 protein, viral antigen was demonstrated in the endothelial cells of the intestine, liver, lung, brain, heart, kidney, and spleen tissues. This endothelial cell tropism of MAV-1 is in agreement with previous reports (10, 24) . Viral antigen was also detected in hepatocytes and Kupffer cells of the liver. MAV-1 infection of hepatocytes in BALB/c SCID mice was also reported by Charles et al., but unlike us, they observed no staining of the vascular endothelium in the liver and spleen (10) . In addition, unlike us and others, Charles et al. did not detect replication of MAV-1 in the brains of BALB/c SCID mice and they postulated that there may be a receptor difference between mouse strains that differ in their susceptibility to MAV-1-induced hemorrhagic encephalitis (10, 52) . Further evidence for a disseminated infection was provided by real-time PCR analysis of several organs from infected mice. At 1 week p.i., viral DNA was already present in most organs, but levels were highest in the lungs, showing that the lung is the first site of MAV-1 replication after intranasal infection. This is most likely followed by viremia and dissemination to the target organs. This fatal disseminated adenovirus infection in BALB/c SCID mice is reminiscent of the clinical situation of adenovirus infection in humans in several aspects. (i) Human adenovirus infections are mostly mild and selflimiting in healthy individuals but can cause severe or lethal illness in immunocompromised patients. (ii) In these patients, a disseminated infection is common. (iii) Enteritis, hemorrhagic cystitis, and hepatitis are common manifestations, while adenovirus encephalitis is relatively rare in humans (6, 9, 27) . In retrospective and prospective studies, PCR detection of human adenovirus in blood was directly associated with disseminated adenovirus disease, which often has a fatal outcome (9, 13, 32, 47) .
Since the availability of antiviral drugs for adenovirus infections remains unsatisfactory, there is an increasing need for new, effective, and safe antiadenovirus therapeutics. With this in mind, we used our MAV-1/SCID model to evaluate the nucleoside analogues cidofovir and S-2242 in the treatment of systemic adenovirus infections. In vitro, cidofovir and S-2242 showed comparable and promising activity against MAV-1 and Ad2. In vivo, cidofovir and S-2242 caused a considerable delay in MAV-1-induced disease, as demonstrated by clinical observations and histopathological, immunohistochemical, and realtime PCR analysis of dissected organs. However, cidofovir and S-2242 were not able to eradicate the virus, since all treated mice ultimately succumbed despite continued drug treatment. The acyclic nucleoside phosphonate analogue cidofovir has a long intracellular half-life, enabling an infrequent dosing scheme. Tissue distribution studies with rats demonstrated that the highest cidofovir concentrations are present in the kidneys, followed by those in the liver, lung, and intestine (40) . Tissue distribution of S-2242, which is the only known N-7-substituted nucleoside analogue with activity against DNA viruses, has been poorly studied (3) . Cidofovir and S-2242 have similar in vitro activities against MAV-1, and the in vitro sensitivity of MAV-1 to cidofovir and S-2242 is comparable to those of several herpesviruses. Although the doses in our in vivo studies are comparable to those used in animal studies with herpesviruses, it seems that cidofovir and S-2242 are less effective in inhibiting mortality in the MAV-1/SCID model than in the herpesvirus models (40) (41) (42) . It is rather unlikely that the limited effectiveness of cidofovir and S-2242 in our MAV-1 model is due to poor disposition, since both antiviral drugs are supposed to have different pharmacokinetics and organ distribution. Apparently, the MAV-1/SCID model is a very stringent model due to the complete absence of an adaptive immune component which, under normal circumstances, is critical for viral clearance during an infection. In MAV-1-infected SCID mice, complete eradication of the virus is solely dependent on the antiviral therapy. The same holds true for the clinical situation in adenovirus-infected humans. In several retrospective studies, the failure of antiadenovirus treatment was observed in heavily immunosuppressed patients who had received a T-cell-depleted graft or suffered from severe graftversus-host disease. The reduction of immunosuppression, combined with antiviral therapy initiated as early as possible after the adenovirus infection, remains the mainstay of therapy (1, 8, 9, 22) . Alternatively, there may be a therapeutic benefit with adenovirus-specific T cells, similar to that described for Epstein-Barr virus and cytomegalovirus (46, 50) . Due to extensive cross-reactivity of adenovirus-specific T cells across serotypes, this approach may be feasible (20, 51) .
Finally, it is possible that the MAV-1 pathology has an important inflammatory component which is not suppressed by antiviral therapy. The inflammatory character of MAV-1 disease is demonstrated by our experiments measuring the mRNA levels of several proinflammatory cytokines and chemokines in the small intestine and liver. In MAV-1-infected mice, there was an upregulation of TNF-␣, IL-1␤, MIG, eotaxin, MIP-1␣, and MIP-1␤. In our antiviral experiments, we restricted the mRNA detection of proinflammatory cytokines and chemokines to blood leukocytes and observed little differences between infected mice whether treated or not with cidofovir or S-2242. Thus, in the MAV-1/SCID model described here, the upregulation of proinflammatory cytokines and chemokines seems to be confined to the diseased tissues (i.e., intestine and liver).
Although there is little information concerning immunologic changes in patients with adenovirus infections, a few reports describe increased levels of IL-6, IL-8, TNF-␣, IL-1␤, or IFN-␥ (12, 34, 37) . Recently, the hepatotoxicity of adenovirus vectors in mice was associated with the induction of TNF-␣ (14) . A detailed study on the contribution of immunological factors in the MAV-1 pathology has now been planned.
In conclusion, the MAV-1/SCID model is a reproducible and appropriate model for the evaluation of antiviral drugs against disseminated adenovirus infections. We found that the antiviral compounds cidofovir and S-2242 can cause a significant delay in MAV-1 disease and related death but are not able to eradicate the virus. This is most likely due to the stringency of this MAV-1/SCID model, in which suppression of viral replication is not accompanied by an adequate adaptive immune response. In the clinical setting of transplant patients with severe adenovirus infections, therapeutic success will depend on the concerted action of antiviral drugs and a restored immune response, ultimately resulting in viral clearance.
